The D9S1120 locus exhibits a population-specific allele of 9 repeats (9RA) in all Native American and two Siberian populations currently studied, but it is absent in other worldwide populations. Although this feature has been used in anthropological genetic studies, its impact on the evaluation of the structure and genetic relations among Native American populations has been scarcely assessed. Consequently, the aim of this study was to evaluate the anthropological impact of D9S1120 when it was added to STR population datasets in Mexican Native American groups. We analyzed D9S1120 by PCR and capillary electrophoresis (CE) in 1117 unrelated individuals from 13 native groups from the north and west of Mexico. Additional worldwide populations previously studied with D9S1120 and/or 15 autosomal STRs (Identifier kit) were included for interpopulation analyses. We report statistical results of forensic importance for D9S1120. On average, the modal alleles were the Native American-specific allele 9RA (0.3254) and 16 (0.3362). Genetic distances between Native American and worldwide populations were estimated. When D9S1120 was included in the 15 STR population dataset, we observed improvements for admixture estimation in Mestizo populations and for representing congruent genetic relationships in dendrograms. Analysis of molecular variance (AMOVA) based on D9S1120 confirms that most of the genetic variability in the Mexican population is attributable to their Native American backgrounds, and allows the detection of significant intercontinental differentiation attributed to the exclusive presence of 9RA in America. Our findings demonstrate the contribution of D9S1120 to a better understanding of the genetic relationships and structure among Mexican Native groups.
Introduction
Sample analysis of the Human Genome Diversity Project-Centre d'Etude du Polymorphisme Humain (HGDP-CEPH) panel with 377 microsatellites or short tandem repeats (STRs) conducted in five Native Amerindian populations (Pima, Maya, Colombian, Karitiana, and Surui) found an elevated frequency of a small allele (275 base pairs) at the tetranucleotide locus D9S1120, which was absent in 47 other worldwide populations (Zhivotovsky et al., 2003) . Based on the corresponding number of repeats, this private allele was identified as "9RA" (9 repeats allele). This allele was observed in Native American populations at an overall average frequency of 0.354 (0.301 and 0.471 in North and South America, respectively) (Schroeder et al., 2009; Wang et al., 2007; Zhivotovsky et al., 2003) . The ubiquitous presence of 9RA in North and South American populations, including the Na-Dene and Aleut-Eskimo, and in related western Beringian groups suggested that all modern Native American populations originated from the same founding population (Schroeder et al., 2007) .
In Mexico, the STR D9S1120 has only been analyzed in eight Mexican ethnic groups (Tarahumaras, Huichol, Purepecha, Mazatecas, Tzotzil, Tjolobal, Lacandon and Maya) and five Mestizo groups (Chihuahua, Jalisco, Veracruz, Chiapas and Yucatán), where the forensic and anthropological potential of this locus was assessed . However, Mexico has a larger number of Amerindian populations, with over 68 ethnic groups representing 9.6% of the total population (Martinez-Cortes et al., 2010) . Although 39 Native American population samples from Mexico were recently analyzed with 15 autosomal STRs widely used for human identification purposes (Rangel-Villalobos et al., 2016) , D9S1120 was not included; thus, its -presumably-large anthropological potential has not been exploited.
In this work, we performed a deeper assessment of the anthropological relevance of D9S1120 in Native American groups. For this purpose, D9S1120 was analyzed in north and west Mexican Native populations. In addition to reporting statistical results of the forensic importance for D9S1120, we carried out an interpopulation analysis adding a 15 autosomal STR database from Mexican populations and two populations used as ancestral references (European and African). Comparison of these results (with and without D9S1120) allowed for an empirical evaluation of their significance for studying Native American groups.
Materials and methods

Samples studied
Genomic DNA was extracted from 1,117 unrelated individuals belonging to the following 13 Amerindian groups inhabiting the north and west regions of Mexico: Mayos from Sonora and Sinaloa states; Guarijío; Seri; Mexicanero; Huichol samples from Durango, Nayarit and Jalisco states; Cora; Tepehuano; Tarahumara; and Nahuas from the Mezcala and Tuxpan communities in the Jalisco state. Geographical locations, sample sizes, and abbreviations of these Native American groups are presented in Fig. 1 .
All participants signed an informed consent form approved by the Research and Ethical Committee of the CUCiénega-UdeG (Universidad de Guadalajara), México. As properly described in the results section, for some interpopulation analyses the following two Mexican population groups were included (abbreviations indicated): 1) Mexican Mestizos (admixed): Chihuahua (Chi); Jalisco (Jal); Veracruz (Ver); Chiapas (Chia); Yucatan (Yuc); 2) Mexican Native groups: Purepechas (Pur); Mazatecas (Maz); Tzeltales (Tze); Tzotziles (Tzo); Tojolabales (Tjo); Lacandones (Lac); Mayas from Campeche (MayC) and Quintana Roo (MayQR) states. Geographic locations of these populations throughout the Mexican territory are also indicated in Fig. 1 . These groups were included because genotypes for D9S1120 and/or 15 STRs of the Identifiler kit (Rangel-Villalobos et al., 2016) were available for interpopulation analyses. Similarly, the following worldwide populations were included for interpopulation comparison based on D9S1120: Yakut (Yak) (Rosenberg, 2006) , Chokchi (Chok), Koryaks (Kor) (Schroeder et al., 2007) from Siberia; Colombians (admixed) (Col), Mulalos (Mul), Awa-Kuaiker (Awa), Coyaima (Coya), and Pijao from Colombia; Pimas from Mexico; as well as European (Eur) and African (Afr) populations (Phillips et al., 2008; Alves et al., 2005; Lópes et al., 2009; Coudray et al., 2007) .
Genotyping
DNA was extracted from fresh blood samples by the standard salting-out method (Miller et al., 1988) . For amplification of D9S1120, we used primers and conditions described by Phillips et al. (2008) . The PCR products were separated by capillary electrophoresis using the ABI Prism 310. D9S1120 genotypes were obtained using the GeneMapper ID software, version 3.2 (Applied Biosystems, Foster City, CA, USA). D9S1120 allele calling was done according to the repeat structure and size (bp) as described by Phillips et al. (2008) , which follows the International Society of Forensic Genetics guidelines for STR analysis.
Statistical analysis
Allele and genotype frequencies were estimated by the gene-counting method for each population. Forensic statistical parameters (PE: Power of exclusion; PD: Power of discrimination; PIC: Polymorphism information content; Typical IP: Paternity Index) were calculated with the Powerstats software (Tereba, 1999) . Heterozygosity (He), Hardy-Weinberg equilibrium (HWE) expectations by population, and coancestry coefficients were determined as genetic distances between populations with the GDA v1.1 software (Lewis and Zaykin, 2001) . Coancestry distances were represented in a Neighbor-Joining (NJ) tree using GDA and the Treeview v1.0 software (Page, 1996) . Analysis of molecular variance (AMOVA), pairwise F ST and F ST p-values between populations were determined by Arlequin v3.5 software (Excoffier and Lischer, 2010) . F ST distances were graphically displayed on a Multidimensional scaling (MDS) plot with the SPSS v19 (IBM corp., 2010) .
Ancestry analysis
The STRUCTURE software, a model-based clustering program designed to estimate the number (K) of clusters has been used. This software determines posterior probability Pr (X/K) that fits with the data employed (Falush et al., 2003) . In order to analyze the D9S1120 contribution, two supervised analyses were performed based on: 1) D9S1120 dataset and; 2) D9S1120 plus the 15 STR loci of the Identifiler kit. We used one European (Eur) and one African (Afr) population samples as ancestral references. The admixture model with correlation between allele frequencies across clusters was chosen (Falush et al., 2003; Falush et al., 2007; Pritchard et al., 2000) . The assessed number of clusters (K) ranged from two to eight, and twenty-five independent runs were carried out for each K. We used a 50,000-iteration burn-in period followed by 10,000 iterations. The Structure-Harvester online program determining the best K according to the Evanno's method with the runs obtained was used (Earl and von Holdt, 2012) . Finally, we employed the CLUMPAK program to visualize the best run for each K (Kopelman et al., 2015) .
Results
We estimated allele and genotype frequencies, in addition to statistical parameters of forensic importance estimated by population (Table 1) . With the exception of the Huichol groups from Nayarit and Jalisco states, genotype distributions of the remaining population samples were in agreement with HWE. Nine D9S1120 alleles have been found and they are : 9, 12, 13, 14, 15, 16, 17, 18 and 19 . This entire set of alleles was observed only in Nahuas from Tuxpan. Conversely, Cora and Seri showed only five alleles. For the entire sample, the modal alleles were 9 (33.5%) and 16 (33.6%). However, allele 9 was the most frequent among five groups: Mayo from Sinaloa, Huichol from Jalisco, Cora, Tepehuano, and Nahua from Mezcala, whereas allele 16 was the most frequent in the rest of the samples. Notably, for the first time, we found the allele 12 in three Mexican Native groups: Tarahumaras from Chihuahua state, Mayo groups from Sonora and Sinaloa states, and Nahuas from Tuxpan and Mezcala communities located in the Jalisco state. The heterozygosity ranged from 71% to 35.7% in Nahuas from Tuxpan and Huichols from Nayarit and Durango, respectively (Table 1) . Thirty-three different genotypes were found in the dataset. As could be expected, genotypes which included the modal alleles were the most frequent: 9/16 (29.9%), 16/16 (13.3%) and 9/9 (12.9%) ( Table 1) .
Pairwise F ST distances and F ST p-values based on D9S1120 among 26 Mexican groups and 11 other worldwide populations were estimated (Appendix 1). F ST distances were graphically displayed in an MDS plot (Fig. 2) . Among Mexican groups (Fig. 2a) , although Mestizo (admixed) groups were not clearly differentiated from Native groups, Mestizos were relatively close to each other. Similarly, genetic distances based on D9S1120 among worldwide populations allow clustering Native American and Mestizo groups, whereas ancestral (European and African) and those highly differentiated populations remained in peripheral positions of the MDS plot (Mulalos, Yakut and Lacandones) (Fig. 2b) .
AMOVA showed that interpopulation differentiation based on D9S1120 was significant in most cases ( Table 2 ). The second highest F ST value was observed among worldwide populations (F ST = 4.3% p = 0.016). Although differentiation among all Mexican groups (Mestizos plus Amerindian groups) and among Mexican Amerindians was similar (F ST = 2.3 -2.2%, respectively), differentiation among Mexican Amerindians (F ST = 2.2% p = 0.0082) was around five times larger than among Mestizos (F ST = 0.44%; p = 0.187). This result indicates that most of the genetic variability of the Mexican population is attributable to their Native American groups. On the other hand, AMOVA of Amerindians vs. Mestizos showed a significant differentiation both between groups (F CT = 1.16%; p = 0.0043) and within groups (F SC = 2.0%; p = 0.0075).
When Mexican Amerindians were clustered into regions (north, west and south), differentiation among populations within groups (F SC = 2.0%; p = 0.0074) and among groups (F CT = 0.3% p = 0.0012) were significant. On the other hand, when genetic structure was assessed between continent clustering populations from America (Mexican, Colombian and Brazilian populations), Europe, and Africa, differentiation among groups increased (F CT = 5.82%; p = 0.0231). This result correlates with the significant intercontinental differentiation for D9S1120 by the exclusive presence of 9RA in America. In order to compare the impact of D9S1120 in the analysis of genetic relationships among 26 Mexican groups, we generated different NJ trees with a) D9S1120, b) 15 autosomal STRs (Identifiler), and c) D9S1120 plus Identifiler ( Fig. 3abc; Fig. 4ab ). As expected, many inconsistencies were observed when an NJ tree was based only on D9S1120 (Fig. 3a) . This outlook improved when Identifiler was employed ( Fig. 3b and 3a) . However, when D9S1120 and Identifiler were employed together, a significant improvement was achieved regarding this interpopulation landscape taking into account some previous genetic and genomic studies that will be discussed below.
Finally, we carried out a Structure analysis for these 26 Mexican groups including European and African populations as ancestral references based on Identifiler with and without D9S1120 (Fig. 5) . Interestingly, Structure-harvester results for both supervised analyses indicate that K = 5 provides the best fit for the explanation of the population structure of this studied population sample. However, in both cases, the same clusters were observed in most isolated groups that are discussed below. Although both analyses offer practically the same position, the main advantage offered by the inclusion of D9S1120 to the 15 STR dataset is that it allowed for differentiating the European and African populations (light pink in K = 6; Fig. 5b ), which were considered into the same population structure level when only 15 STRs were used for the test (from K = 2 to K = 8).
Discussion
In this study, the STR locus D9S1120 was characterized in 13 Amerindian groups from the north and west of Mexico. Although we report for the first time the allele 12 in Mexican Native groups, the allele 10 previously found in Purépechas was not detected herein (Rangel-Villalobos et al., 2012). The average frequency of 9RA (0.3254) was in line with previous reports Schroeder et al., 2007; Wang et al., 2007) ; however, differences were observed in the average frequency of 9RA between the north-west (studied herein) and center-southeast Amerindian groups (Rangel-Villalobos et al., 2012) (0.3254 vs. 0.3820; p ≪ 0.0001). Firstly, the Pre-Columbian genetic structure probably explains the interpopulation variability regarding the 9RA frequency, which could have been determined by differences in geographic isolation and genetic drift among Mexican Native groups, as was recently described (Rangel-Villalobos et al., 2016) . In addition, 9RA frequency has surely been influenced by recent Post-European contact with Native American groups, involving constant acculturation and admixture processes with Mestizo groups geographically adjacent (Martinez-Cortes et al., 2013; Moreno-Estrada et al., 2014; Sandoval et al., 2012) . Genotype frequency distribution was in agreement with HWE expectations for all populations, excepting for Huichol from Nayarit and Jalisco states (Table 1 ). This finding is probably explained by genetic structure among Huichol communities and endogamy, as suggested by the high homozygosity levels previously observed in the Huichol group . Genetic distances (Fig. 2) and pairwise comparisons (Appendix 1) showed a relative genetic homogeneity for D9S1120 among Native American groups, except for some isolated populations such as Lacandones, Tojolabales, Huichol from Jalisco and Nayarit, Mulalos from Colombia, and particularly Surui from Brazil that was omitted from the MDS plots due to its far peripheral position (Fig. 2) . These findings are in line with previous historical and genetic reports (Schroeder et al., 2007 , Wang et al., 2007 . Based on D9S1120, Huichol from Nayarit were differentiated from those of Jalisco and Durango (Appendix 1). Interestingly, this could be explained by the bottleneck detected with 15 autosomal STRs in Huichol from Nayarit, which would have promoted greater genetic drift effects (Rangel-Villalobos et al., 2016) .
The AMOVA has shown that most of the genetic variability in the Mexican population is attributable to the Native American groups (Table 2) . This is compatible with the conclusion obtained for different genetic systems, such as autosomal STRs (Rubí-Castellanos et al., 2009), mitochondrial SNPs (Martínez-Cortés et al., 2013), and genome-wide SNPs claiming that the Mexican population -largely admixed-recapitulates the Native American genetic structure (Moreno-Estrada et al., 2014) . On the other hand, when Mexican Amerindians were clustered by geographic criteria, non-consistent groups were formed because significant differentiation of populations within groups was observed. This result is attributable to strong genetic drift effects causing significant population differentiation among Native American groups, as described in previous reports (Moreno-Estrada et al., 2014; RangelVillalobos et al., 2016) . Interestingly, we have detected a significant intercontinental differentiation for D9S1120, which can mostly be attributed to the exclusive presence of 9RA in America.
After the inclusion of D9S1120 in the Identifiler STR population dataset for the NJ tree construction, the following new features were observed: 1) the position of Chihuahua (the northeast group) was closer to the European reference (Fig. 3bc) , which is more consistent with the ancestral gradient of European admixture in Mestizos throughout the Mexican territory. This fact has been described in previous reports with different genetic systems including autosomal STRs 2) The Purepecha group changed from the branch closer to Mestizos, toward the branch clustering Native groups from the center and southeast (Fig. 3bc) 
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Similarly, the Mazateca group was closer to the Mayas than to Nahua groups (Fig. 3c) , as expected by their geographical proximity ( Fig. 1) and by the previous genetic and genomic studies that included this Native group (Moreno-Estrada et al., 2014; RangelVillalobos et al., 2016) . 4) Main branches of the tree were more consistent with the cited genetic and genomic studies in Mexican Native groups, clustering better the north and west populations regarding those from the center and southeast (Fig. 3c) . 5) Similarly, the strongest genetic drift attributed to the more differentiated Mexican Native groups was better represented by the branch length in unrooted NJ trees after the inclusion of D9S1120 (Fig. 4b) . This is expected in some Mexican Native groups such as Lacandones, Tojolabales, and those from the north and west (mostly studied herein), in accordance with previous results and conclusions (RangelVillalobos et al., 2016 ). These findings demonstrate that when D9S1120 is included in the Identifiler STR population dataset, the anthropological resolution is improved for ancestry estimation in Mestizo (admixed) populations and for representing genetic relationships in NJ trees among Native American groups.
Regarding the Structure analysis, in both cases well-defined clusters were observed in K ≥ 5: 1) a Tarahumara cluster (Tar or orange, on line) with descendent frequency from north to west population but absent in south and southeast groups; 2) a Huichol component (see Huij or dark pink in Fig. 5a and green in Fig. 5b, on line) that is partially viewed in geographically close populations (Tepehuano, Mexicanero and Cora groups); 3) the observed cluster in the Maya and Nahua groups (Maz and NahM, NahT or dark purple, on line). Moreover, this component was also observed in the Purepecha group. This could be due to the relation with Nahua groups according to historical records (Argueta-Villamar, 1995) . Finally, 4) the last cluster from the most isolated Lacandon population (Lac or green in Fig. 5a , and dark pink in Fig. 5b, on line) , and partially observed in Tojolobal group. These assumptions based on 15 forensic STR markers plus D9S1120 are in full agreement with the genome-wide record (Moreno-Estrada et al., 2014) . Nevertheless, the main difference observed when D9S1120 was included in the Identifiler STR population dataset was the differentiation of the African ancestry from the European one (K≥ 6; Fig. 5) . Differentiation between the African and European ancestries is a critical step for admixture analysis in both Latin American and Native American populations. Particularly, the presence of the African component in Mexican population is historically well known (Aguirre-Beltrán, 1988; Barquera and Acuña-Alonso, 2012), and it has been detected in different previous genetic studies in both Mexican Mestizos (Rubí-Castellanos et al., 2009; Silva-Zolezzi et al., 2009; Salazar-Flores et al., 2015) and Mexican Native groups (Rangel-Villalobos et al., 2016; Moreno-Estrada et al., 2014; Solé-Llussà et al., 2015) .
In conclusion, we showed that D9S1120 contributes to obtaining better anthropological inferences in Native American populations when it is included in STR genotype datasets. Even individually, D9S1120 allows for some general -but congruent-inferences about the population structure in Mexican populations. Therefore, the inclusion of D9S1120 is recommended for population genetic studies with Native American groups. 
